INTRODUCTION
============

Tumor promotion relies on the formation of new blood vessels and lymphatic vessels to provide an adequate supply of oxygen and nutrients [@B001], [@B002]. This process is regulated by the remodeling of pre-existed vasculatures and the recruitment of cells originating from bone marrow [@B003]. Macrophages constitute a large portion of the infiltrated heterogeneous cells at tumor sites. Over the past decade, macrophages have been increasingly recognized as critical regulators that break the balance between pro- and anti-angiogenesis through the secretion of multiple cytokines, matrix metalloproteinases (MMPs) [@B004], reactive oxygen species (ROS) and nitric oxide (NO) [@B005].

Among the cytokines, interleukin-18 (IL-18) was initially characterized as a potent inducer of interferon-gamma (IFN-γ). It is produced by T cells [@B006]. IL-18 is first synthesized as a bio-inactive precursor, which undergoes proteolytic cleavage by the intracellular protease caspase-1 (Casp-1) to generate a mature, biologically active cytokine [@B007], [@B008]. As an immunostimulatory cytokine, IL-18 plays a pivotal role in connecting inflammatory immune responses with tumor progression. IL-18 in the tumor environment significantly potentiates anti-tumor immunity mediated by innate and adaptive immune mechanisms in murine prostate carcinomas [@B009]. In murine melanoma, IL-18 exerts potential anti-tumor activity via the inhibition of angiogenesis [@B010]. In addition, the injection of IL-18 into tumors inhibits tumor growth, which is associated with an increase in intratumoral macrophages cells [@B009]. IL-18 increases the expression of the ICAM-1 in monocytes [@B011], and ICAM-1 and the VCAM-1 in endothelial cells [@B012], thus accelerating tissue infiltration by immune cells. IL-18, alone or in combination with IL-12, stimulates macrophages to produce IL-6, TNF-α [@B013], [@B014], Cxcl10 [@B015] and Nos2 [@B016], which are typically recognized as markers of classically activated macrophages and which perform important anti-tumor functions. Increasingly, the evidence suggests that IL-18 plays a critical role in the behavior of macrophages. However, few studies have focused on the function of IL-18-stimulated macrophages, especially phagocytosis and interactions with the endothelium.

Recently, we found that NFSA-generated fibrosarcomas showed poor blood vessel formation and necrosis in their cores, accompanied by the recruitment of CD11b^+^ cells. Microarray analysis revealed a high level expression of *il-18* in NFSA cells. In this report, we show that IL-18 enhances phagocytosis in both RAW264 cells and CD19-negative peritoneal macrophages and enhances their cytotoxicity to endothelial cells.

RESULTS
=======

Effects of tumor-derived factors on macrophages
-----------------------------------------------

After inoculation, both the MS-K and NFSA cells formed large tumors ([Fig. 1](#F0001){ref-type="fig"}A). Histological analysis revealed necrosis in the cores of the NFSA tumors. In contrast, a well-developed blood vessel network was observed in the MS-K tumors ([Fig. 1](#F0001){ref-type="fig"}A). The NFSA tumors recruited many more CD11b^+^ cells than the MS-K tumors during tumor growth ([Fig. 1](#F0001){ref-type="fig"}B). In the CD11b^+^ cells derived from NFSA tumors, the expression of *Nos2*, *il-6*, and *tnf*-α was increased with tumor growth ([Fig. 1](#F0001){ref-type="fig"}C). In contrast, in the CD11b^+^ cells derived from MS-K tumors, the expression of *il-6* and *tnf*-α was down-regulated and the expression of *il-10* was up-regulated on day16. The expression of *arginase-I* (*Arg-1*), a typical M2 marker [@B017], was not detected in tumor-derived CD11b^+^ cells. To determine the impact of tumor cells on macrophages, the macrophage cell line RAW264 was used. NFSA-CM enhanced phagocytosis in the RAW264 cells in a dose-dependent manner ([Fig. 1](#F0001){ref-type="fig"}D). Furthermore, NFSA-CM induced much higher expression of CD80, the well-established M1-macrophage marker [@B018], in RAW264 cells than did MS-K-CM ([Fig. 1](#F0001){ref-type="fig"}E). The expression of *Nos2* in the RAW264 cells was significantly up-regulated by NFSA-CM but not by MS-K-CM ([Fig. 1](#F0001){ref-type="fig"}F). DNA microarray analysis revealed a higher level of expression of *il-18* and *Casp-1* in NFSA cells ([Table 1](#T0001){ref-type="table"}). The differential expression of *il-18* and *Casp-1* was confirmed by qPCR and RT-PCR in MS-K and NFSA cells ([Fig. 1](#F0001){ref-type="fig"}G). ELISA revealed that the concentration of IL-18 in NFSA-CM was 179.4±7.8 pg/mL, and that in MS-K-CM was 36.9±16.6 pg/mL ([Fig. 1](#F0001){ref-type="fig"}H).

![Effects of tumor-derived factors on macrophages. (A) MS-K tumor and NFSA tumor on day 16. The tumor sections were stained with hematoxylin and eosin (lower). (B) The accumulation of CD11b^+^ cells in each tumor. The data are the mean percentages of CD11b^+^ cells in the tumors (n=3). Scatter diagrams from the FACS analysis are shown. The number represents the percentage of CD11b^+^ cells in the tumors on day 12. (C) The expression of genes in tumor-derived CD11b^+^ cells. Mt: MS-K tumor-derived CD11b^+^ cells. Nt: NFSA tumor-derived CD11b^+^ cells. P.C.: positive control. N.C.: negative control. (D) The effect of CM on the phagocytic activity of RAW264 cells. RAW264 cells were stimulated with increasing concentrations of CM. The uptake of microspheres was determined by FACS (right). (E) The CD80-positive RAW264 cells were analyzed by FACS. The number in each panel represents the percentage of CD80-positive RAW264 cells. (F) The relative expression of *Nos2* in RAW264 cells (qPCR). (G) RT-PCR (upper) and qPCR (lower) analysis of il-18 and *Casp-1*. The relative expression of each gene in the MS-K cells was set to 1 in the qPCR analysis. (H) Quantification of the IL-18 in the CM. All bars show the mean ± S.E. Asterisks denote significant differences, \*P ＜ 0.05, \*\*P ＜ 0.005.](BMB-47-286-g0001){#F0001}

###### Comparison of gene expression in NFSA and MS-K

  ------------------ --------------------------------------------- --------------- ---------- ------------------------ -------
                     Gene                                          Accession No.   Signal     Log2 ratio (NFSA/MS-K)   
                                                                                                                       
  NFSA               MS-K                                                                                              
                                                                                                                       
  Chemokine ligand   Chemokine (C-C motif) ligand 11 (Ccl11)       NM_011330       9.13E+03   6.15E+00                 10.54
  Cytokine           Chemokine (C-C motif) ligand 8 (Ccl8)         NM_021443       1.49E+04   2.28E+02                 6.03
                     Chemokine (C-C motif) ligand 7 (Ccl7)         NM_013654       1.86E+05   3.00E+03                 5.95
                     Chemokine (C-X-C motif) ligand 3 (Cxcl3)      NM_203320       3.72E+02   7.85E+00                 5.57
                     Chemokine (C-C motif) ligand 2 (Ccl2)         NM_011333       4.05E+05   1.22E+04                 5.05
                     Interleukin 18 (il-18)                        NM_008360       1.96E+03   5.90E+01                 5.06
  Enzyme             Vascular endothelial growth factor-A(Vegfa)   NM_00102525     3.28E+03   7.29E+03                 −1.15
                     Caspase 1 (Casp1)                             NM_009807       2.77E+04   3.34E+01                 9.7  
  ------------------ --------------------------------------------- --------------- ---------- ------------------------ -------

Expression of genes in NFSA and MS-K was analyzed by SurePrint G3 (mouse). Table representspart of the data.

Signal means expression level of genes in NFSA or MS-K. Log2 ratio means the relative expression of genes in NFSA against in MS-K.

![Stimulation of phagocytosis in macrophages by rIL-18. (A) RAW264 cells were stimulated for 5 days with various concentrations of rIL-18 or NFSA-CM and phagocytosis was analyzed by FACS. (B) RAW264 cells were stimulated with rIL-18 or NFSA-CM, and phagocytosis was analyzed by FACS. In some assays, the neutralizing antibodies against IL-18 (αIL-18Ab) were added. (C) Peritoneal macrophages were stimulated with rIL-18 or NFSA-CM and phagocytosis was evaluated. In some assays, αIL-18Ab was added. (D) The expression of specific genes in stimulated RAW264 cells and the peritoneal macrophages was analyzed by RT-PCR. Asterisks denote significant differences, \*P ＜ 0.05, \*\*P ＜ 0.005.](BMB-47-286-g0002){#F0002}

Enhancement of phagocytosis in macrophages by IL-18
---------------------------------------------------

The effect of recombinant IL-18 on phagocytosis in RAW264 cells and CD19-negative peritoneal macrophages was analyzed. The rIL-18 enhanced the phagocytosis of RAW264 cells in a dose-dependent manner ([Fig. 2](#F0002){ref-type="fig"}A). When a neutralization antibody (αIL-18Ab) was used, it reduced phagocytosis in the rIL-18- or NFSA-CM-stimulated RAW264 cells ([Fig. 2](#F0002){ref-type="fig"}B). The phagocytosis of peritoneal macrophages was also up-regulated by rIL-18 or NFSA-CM, and αIL-18Ab reduced phagocytosis in the peritoneal macrophages ([Fig. 2](#F0002){ref-type="fig"}C). The expression of several pro-inflammatory- and anti-angiogenesis-related (that is, M-1 type) molecules, including *Nos2*, *il-6* and *tnf-α* [@B019], [@B020], and the anti-inflammatory factors *il-10* and *Arg-1* was analyzed ([Fig. 2](#F0002){ref-type="fig"}D). The expression of *Nos2*, *il-6* and *tnf-α* was enhanced, whereas the expression of *Arg-1* and *il-10* was suppressed in these cells ([Fig. 2](#F0002){ref-type="fig"}D). The addition of αIL-18Ab suppressed the induction of *Nos2* and *tnf-α* and induced *il-10* in peritoneal macrophages. In conclusion, these data suggest a direct effect of IL-18 on the enhancement of phagocytosis and the induction of pro-inflammatory factor expression in macrophages. Thus, IL-18 is one of the critical effectors in NFSA-CM.

Enhancement of cytotoxicity of IL-18-stimulated RAW264 cells
------------------------------------------------------------

Direct co-culture of F-2-Orange cells with IL-18- or NFSA-CM-stimulated RAW264 cells led to severe death of the F-2-Orange cells ([Fig. 3](#F0003){ref-type="fig"}A, B). The survival ratio of F-2-Orange cells was also decreased significantly by the membrane-separated co-culture with RAW264 cells ([Fig. 3](#F0003){ref-type="fig"}C, D). Furthermore, the enhanced cytotoxicity of the stimulated RAW264 cells was abolished by the NOS2 inhibitor 1400w [@B021] ([Fig. 3](#F0003){ref-type="fig"}C, D). These results clearly demonstrate that rIL-18 and NFSA-CM stimulate RAW264 cells to damage the endothelium and that some soluble components, such as NO, secreted from the stimulated RAW264 cells damaged the F-2-Orange cells in our assay.

DISCUSSION
==========

The phenotype of macrophages is dependent on the stage of solid tumor progression [@B017]. In most established tumors, infiltrated macrophages are driven to acquire an M2-type, with a reduced expression of NOS2 and TNF-α [@B022], to provide an immunosuppressive microenvironment for tumor growth [@B023], [@B024]. In NFSA tumors, an accumulation of CD11b^+^ cells was observed. The expression of markers of M1-macrophages was increased in the CD11b^+^ cells. In contrast, the expression of markers of M2-macrophages was suppressed. Furthermore, the macrophages, which were stimulated by soluble factors produced from NFSA cells but not from MS-K cells, showed enhanced phagocytosis and increased expression of CD80. These results suggest that the factors produced by NFSA cells have remarkable effects on the activation and polarization of the M1-like macrophages. DNA microarray analysis revealed a high level expression of *il-18* in NFSA cells. Thus, we investigated the effect of IL-18, which is a core effector in tumors, on macrophages.

![Inhibition of F-2-Orange cells proliferation by stimulated RAW264 cells. (A) The histogram shows the number of surviving F-2-Orange cells after direct co-culture with RAW264 cells. (B) The photographs show the co-cultured cells at 48 hours. The left panels show the phase contrast images, and the right panels show the fluorescent images. (C) The histogram shows the number of surviving F-2-Orange cells after 48 hours by the membrane-separated co-culture with RAW264 cells. Effect of the NOS2 inhibitor (1400w) was also analyzed. Non-stimulated RAW264 cells were used as a control in all experiments. (D) The photographs show the co-cultured cells at 48 hours. The left panels show the phase contrast images and the right panels show the fluorescent images, with or without the 1400w. All bars show the mean ± S.E, n=3. Asterisks denote significant differences, \*P ＜ 0.05, \*\*P ＜ 0.005.](BMB-47-286-g0003){#F0003}

As a central event of cellular protection, phagocytosis in phagocytic cells acts to eliminate foreign material and is sometimes accompanied by inflammation [@B025]. Our results demonstrated that both NFSA-CM and IL-18 enhanced phagocytosis in both RAW264 cells and peritoneal macrophages. The stimulated RAW264 cells with 0.1 ng/mL of rIL-18 showed a reduction of phagocytosis in our study. It was possible that the induced phagocytosis in the RAW264 cells might depend on the amount of exogenous IL-18. The neutralizing antibody clearly blocked the phagocytosis induced by NFSA-CM and rIL-18. Consequently, we concluded that IL-18 was one of the critical factors in NFSA-CM, which enhanced the phagocytic activity of macrophages.

Five days of stimulation with rIL-18 or NFSA-CM increased the expression of *Nos2, il-6* and *tnf*-α in RAW264 cells and peritoneal macrophages. However, the expression of *Arg-1* and *il-10* decreased in RAW264 cells. The addition of aIL-18 Ab reduced the expression of some genes in peritoneal macrophages. These results indicate that IL-18 in NFSA-CM is responsible for polarization of M1-type macrophages.

Finally, we investigated the effect of IL-18 on the cytotoxicity of RAW264 cells to endothelial cells, because poor blood vessel formation was observed in NFSA tumors. Both NFSA-CM and IL-18-stimulated macrophages showed enhanced cytotoxicity to the F-2-Orange cells. The F-2-Orange cells were damaged more severely by direct co-culture compared to the membrane-separated co-culture. This result suggests that the direct cell-to-cell interaction between IL-18- stimulated macrophages and endothelial cells may play a critical role in damaging endothelial cells, in addition to soluble factors. Since the inhibition of NOS2 by the inhibitor clearly inhibited the damaging of the endothelial cells, the NO was certainly one of the factors.

It was previously reported that activated macrophages produce a variety of factors with the ability to lyse tumor cells, including TNF-α and NO [@B026]-[@B028]. Heike et al. reported the induction of Nos2 in murine peritoneal macrophages upon treatment with IL-18 and IL-12 was mediated by IFN-γ, but this phenomenon was not induced by IL-18 alone [@B016]. Bogdan *et al*. suggested the induction of Nos2 in macrophages requires the cooperation of other cells [@B029]. In this study, we used a macrophage cell line to examine this idea, and determined that the expression of *Nos2* was induced only by stimulation with IL-18 for five days. Therefore, we believe that IL-18 alone could program macrophages, to express Nos2, because the expression of *il-12p40*, a subunit of IL12p70, was not detected in IL-18-stimulated RAW264 cells.

In conclusion, these results provide strong evidence that IL-18 secreted from tumor cells enhances the phagocytosis of macrophages, up-regulates some pro-inflammatory factors, and might inhibit angiogenesis *in vivo*.

MATERIALS AND METHODS
=====================

Mice
----

Eight- to 12-week-old C3H/HeN mice were used in compliance with the guidelines of Niigata University.

Cells
-----

The murine monocyte/macrophage cell line RAW 264 [@B030] was used. The CD19-negative peritoneal macrophages were separated from peritoneal adherent cells using anti-CD19 microspheres (Miltenyi Biotec, CA, USA). The murine sarcoma cell lines NFSA [@B031] and MS-K [@B032] were also used. The F-2 cell line [@B033], was used for making the F-2-Orange cells.

Preparation of conditioned medium and DNA chip analysis
-------------------------------------------------------

NFSA and MS-K cells were cultured for 3 days to prepare the conditioned medium (CM). The SurePrint G3 Mouse Gene Expression Microarray (Agilent, Tokyo, Japan) was used.

Analysis and sorting of CD11b^+^ cells in tumors
------------------------------------------------

MS-K or NFSA cells were inoculated into mice (1 × 10^6^ cells/mouse/side). Tumors were excised at day 9, 12 and 16. A single cell suspension was treated with the anti-mouse CD11b antibody, then analyzed by FACS (BD, Tokyo, Japan).

Quantification of IL-18 by ELISA
--------------------------------

IL-18 ELISA kit (MBL, Tokyo, Japan) was used.

Phagocytosis assay and cell characterization
--------------------------------------------

RAW264 cells and CD19-negative macrophages were cultured with NFSA-CM, MS-K-CM or rIL-18 (MBL, Tokyo, Japan) for 5 days. In some experiments, the αIL-18Ab (MBL, Tokyo, Japan) was used. After the culture, fluoresbrite YG microspheres (Polysciences Inc., Tokyo, Japan) were added. The cells were harvested and analyzed by FACS.

Analysis of gene expression by RT-PCR and quantitative PCR (qPCR)
-----------------------------------------------------------------

The preparation of cDNA was described previously [@B034]. The expression of *Nos2*, *il-6*, *tnf*-α, *il-12p40*, *Arg-1*, *il-10* and *β-actin* was analyzed by RT-PCR. The qPCR was carried out in accordance with previous reports [@B034].

Direct co-culture of RAW264 cells with endothelial cells
--------------------------------------------------------

F-2-Orange cells were seeded in dishes. The RAW264 cells were treated with NFSA-CM or rIL-18 for five days and then overlaid onto the monolayer of F-2-Orange cells. After the co-cilture, the number of surviving F-2-Orange cells was analyzed by FACS.

Membrane-separated co-cultures of RAW264 cells with endothelial cells
---------------------------------------------------------------------

F-2-Orange cells were seeded in the lower chamber of a Transwell plate (Corning, NY, USA). The treated RAW264 cells were seeded in the upper chamber (F-2-Orange cells : RAW264 cells = 1 : 1). After the co-culture, the living F-2-Orange cells were counted. In some experiments, 1400 w (EMD chemicals, Inc, San Diego, CA), was used at 100 μM [@B021].

Statistical analysis
--------------------

All of the data are expressed as the mean ± standard error of the mean (SEM). A Student's t-test was used. The data for multiple comparisons were analyzed using ANOVA and Dunnett's post hoc test.
